Abstract This study analyzed the physical mechanisms behind a multiday high surface ozone (O 3 ) event in Mexico City in March 2016. In early March, a strong zonal jet stream over the Pacific Ocean amplified and underwent wave breaking. An unusual cutoff low pressure system then migrated across central Mexico, with 200-hPa geopotential heights among the lowest in the reanalysis historical record (1948 to present). A tropopause fold on the west side of the cutoff low transported O 3 -rich air from the stratosphere into the troposphere and resulted in high O 3 concentrations all the way to the surface. The stratospheric intrusion began on 09 March and ended on 12 March, but surface O 3 concentrations continued to rise, peaking on 14 March. Given the deep boundary layer observed on 12 March, it is very likely that remnants of the stratospheric O 3 in the midtroposphere at the regional level could have been entrained into the boundary layer. Furthermore, our analysis indicates that as the cutoff low progressed eastward, the pronounced low-level thermal inversion and reduced ventilation observed on subsequent days (13-15 March) contributed to elevated concentrations of O 3 precursors, which together with strong UV radiation, led to efficient photochemical production of O 3 and to the very large values observed in several of the monitoring stations (up to 210 parts per billion on 14 March). Finally, mitigation measures put into place by authorities reduced both the number of vehicles on the road and the resulting nighttime titration, possibly extending the duration of dangerous O 3 levels in the city.
Introduction
Tropospheric ozone (O 3 ) is a major secondary air pollutant affecting human health (Anenberg et al., 2009; Levy et al., 2005; Mena-Carrasco et al., 2009; Riojas-Rodríguez et al., 2014; Yan et al., 2013; Yang et al., 2014) . Ground level O 3 is primarily produced during photochemical reactions between organic precursors (volatile organic compounds, VOCs, and methane CH 4 ), CO, and nitrogen oxides (NO and NO 2 ; abbreviated NO x hereafter) in the presence of UV radiation (Monks et al., 2015; Simpson et al., 2014) . A complex coupling of primary emissions, dynamic transport, and chemical transformations all lead to the generation of surface O 3 (Jacob, 1999; Wang et al., 2017) . Regions with poor ventilation, strong UV radiation, and large urban boundary layers (with plentiful anthropogenic precursors) are prone to experience O 3 concentrations in excess of 400 parts per billion (ppb; EPA, 2006) .
In addition to diurnal photochemical generation, tropospheric O 3 can also originate in the stratosphere, transported downward via a process known as stratosphere-troposphere exchange (STE). For many decades, STE has been known to play an important role in the chemical composition of the troposphere, as it brings O 3 -rich stratospheric air into the troposphere (Crutzen, 1973; Danielsen, 1968; Levy, 1972) . A primary mechanism for STE is the tropopause fold (Akritidis et al., 2016; Cooper et al., 2004 Cooper et al., , 2010 Holton et al., 1995; Reiter, 1975; Staley, 1960) , and indeed, up to 70% of the subtropical STE mass flux in winter can be attributed to tropopause folds (Sprenger et al., 2003) . Deep stratospheric intrusions have also been implicated in springtime exceedances of surface O 3 limits, including in Colorado (Langford et al., 2009) , Nevada (Langford et al., 2015 (Langford et al., , 2017 , California , and Arizona and New Mexico (Lin et al., 2012) . Intrusions of stratospheric air into the troposphere occur globally and are most common in winter and spring, when midlatitude and cutoff low activity is at its peak (Holton et al., 1995; Kentarchos ©2019 . The Authors. This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made. & Davies, 1998; Nieto et al., 2005) . Both the photochemical production of surface O 3 in Mexico City and the role of planetary-scale, synoptic-scale, and mesoscale weather systems have been studied extensively (as reviewed below). However, cutoff lows, tropopause folds, and STE events, to our knowledge, have not yet been examined for their potential role in surface O 3 variability in Mexico City, a gap that this study helps to fill.
Air pollution in Mexico City has been the subject of intense study since the 1960s, as summarized by Raga et al. (2001) . More recently, intensive field campaigns (e.g., Edgerton et al., 1999; Molina et al., 2007; Molina et al., 2010) have provided ample measurements documenting that conditions in Mexico City differ from other urbanized regions in the world due to emission rates, VOC speciation, ambient temperatures, and its altitude (affecting photolysis rates), resulting in the general high level of pollution. Modeling and measurement studies in Mexico City indicate that O 3 formation over the core region of the city is generally VOC sensitive, while the surrounding region is limited either by VOCs or NO x depending on the meteorological conditions (Lei et al., 2008; Molina et al., 2010; Song et al., 2010) . This VOC-limited regime is supported by radical budget studies showing chain termination by NO x chemistry (Wood et al., 2009; Volkamer et al., 2010 , Sheeny et al., 2010 , and by the weekend effect described by Stephens et al. (2008) . The problem of surface O 3 is exacerbated because Mexico City, a megacity with 21 million inhabitants, receives intense solar radiation at its tropical latitude (19.4°N) and high elevation (more than 2,200 m above sea level; Lei et al., 2008) . The city is also in a shallow basin, effectively preventing ventilation of polluted air (de Foy et al., 2006; Edgerton et al., 1999; Fast & Zhong, 1998; García-Yee et al., 2018; Whiteman et al., 2000) .
During the cold dry season (December-February), the warm dry season (March-May), and the warm wet season (June-August) months, clear skies in the morning yield strong insolation that promotes the rapid generation of surface O 3 via photochemical conversions of anthropogenic precursor emissions near the surface. Cloud cover throughout the day in the cool wet season (September-November) generally reduces insolation and thus reduces overall O 3 concentrations. Past studies, including both short-duration intensive field campaigns (Raga & Le Moyne, 1996) and long-term climatologies (Barrett & Raga, 2016; Rodríguez et al., 2016) , have noted a primary relationship between O 3 concentration and UV radiation. In those studies, days with more UV radiation were associated with elevated surface O 3 concentrations. Afternoon O 3 concentrations in winter, spring, and summer are somewhat modulated by dilution due to the development of a deep and fairly well-mixed atmospheric boundary layer (ABL), which can grow to heights up to 3,000 m above ground level in the afternoon due to strong convective overturning (Doran et al., 1998; Raga et al., 1999; Zelaya-Angel et al., 2010) . However, that reduction in O 3 concentrations presumes that the deepening of the ABL results in mixing between contaminated surface-layer air and more pristine air higher up. If the air directly above the ABL has higher O 3 concentrations, including those introduced into the troposphere by an STE event, then a deepening ABL will access that reservoir of high O 3 and transport some of it to the surface, acting to increase surface O 3 via net downward O 3 flux (Dempsey, 2014; Monks et al., 2015; Ott et al., 2016; Škerlak et al., 2014) .
While there is a general agreement on the physical mechanisms associated with surface O 3 production, there are still uncertainties. Therefore, it is often difficult to develop effective control strategies for reducing ambient O 3 , and even after decades of efforts, extreme surface O 3 events do occur that are not anticipated. This study was motivated by one such event in March 2016. In that event, surface O 3 concentrations reached hazardous levels for several consecutive days. What made that event unusual, and what led us to examine the physical atmospheric and chemical processes responsible in more detail, was that it was immediately preceded in time by the passage of an intense and unusual upper tropospheric trough. In this study, potential physical and policy mechanisms responsible for the high O 3 event are explored. The remainder of this article is organized as follows: the data sets analyzed and methods used for analysis are presented in section 2. The results of the study are presented in section 3. Finally, the results are discussed in section 4.
Data and Methods
Hourly surface concentrations of O 3 (in ppb) during the month of March 2016 were analyzed across the Mexico City metropolitan area using measurements at 23 observing stations that are part of the Red Automática de Monitoreo Atmosférico network (Figure 1 and Table 1 ) managed by the local government. On the large scale, meteorological and chemical (when available) information from three widely used atmospheric reanalyses-National Centers for Environmental Prediction (NCEP)/National Center for Atmospheric Research (NCAR) reanalysis (Kalnay et al., 1996) , ERA-Interim reanalysis (Dee et al., 2011) , and MERRA-2 reanalysis (Gelaro et al., 2017 )-were analyzed. Upper troposphere winds and geopotential heights at 200 hPa were analyzed at 6-hr intervals during March 2016 using observations from the NCEP/NCAR reanalysis (Kalnay et al., 1996) at a horizontal grid spacing of 2.5°latitude by 2.5°longitude. That reanalysis was selected because it extends back to 1948, thus allowing the determination of the climatological frequency of occurrence of upper tropospheric troughs and the unusualness of the event of interest. Six-hourly height anomalies at 200 hPa were calculated for March 2016 by subtracting the daily long-term (1948-2017) mean for March from each 6-hr value (uncertainty with the historical observations in the early part of that record motivated the choice to use daily averages instead of 6-hr averages). Zonal eddy kinetic energy (EKE) for March 2016 was calculated at each grid point in the reanalysis as EKE ¼ 0:
u is the 6-hr zonal wind observation and u the long-term (March 1948-2017) mean daily zonal wind (Rieck et al., 2015) . Daily zonal EKE was also calculated for each day in March, 1948 March, -2017 , via the same method. To quantify the behavior of zonal EKE in the subtropical Pacific jet stream, anomalies were averaged over a rectangular region extending from 20°to 40°N and 140°to 120°W. The rectangular region was chosen to correspond to the subtropical Pacific Ocean west of Mexico. Anomalies were weighted by the cosine of their latitude to account for the gradual decrease in grid area with increasing latitude. To evaluate the intensity of the upper level closed low that crossed Mexico and the southern United States, 200-hPa heights were averaged in a small rectangular region centered over central Mexico extending from 17.5°N-22.5°N to 105°-95°W.
Finally, to evaluate the behavior of the STE, variables from two other atmospheric reanalyses were examined. The ERA-Interim and MERRA-2 reanalyses were selected for O 3 analysis because they have sophisticated diagnostics not available in the NCEP/NCAR reanalysis. Results from both ERA-Interim and MERRA-2 are shown to allow comparison between the two products. First, potential vorticity (PV in potential vorticity units, PVU; 1 PVU is 10
) and O 3 concentrations (in ppb) from the ERA-Interim reanalysis (Dee et al., 2011 ) were analyzed at 6-hr intervals during March 2016 on a horizontal grid of 0.75°latitude by 0.75°longitude and centered on the grid point (19.5°N, 99.0°W) closest to Mexico City. Second, PV and O 3 concentration (in ppb) from the NASA MERRA-2 reanalysis (Gelaro et al., 2017; GMAO, 2015) were analyzed at 3-hr intervals during March 2016 on a horizontal grid of 0.5°latitude by 0.625°longitude, and also centered on the grid point (19.0°N, 99.375°W) closest to Mexico City. While each reanalysis has some limitations in handling O 3 in the troposphere (Dragani, 2011; Trickl et al., 2014) , and tropopause folds tend to be better captured in data sets with horizontal spacing of less than 50 km (Büker et al., 2005; Lin et al., 2012; Ott et al., 2016) , both reanalysis products have been used to successfully analyze STE in previous studies (Knowland et al., 2017; Škerlak et al., 2015) .
Results

Surface O 3 Event
In the afternoon of 12 March 2016, air quality monitoring stations in the Mexico City metropolitan region area measured hourly surface O 3 concentrations as high as 163 ppb and 8-hr average concentrations as high as of 112 ppb (Tables 2 and 3 and Figure 2a ). Of the 23 stations in the government-run Red Automática de (Figure 2b ). Surface O 3 concentrations worsened on 13 March 2016, reaching a maximum peak hourly concentration of 171 ppb at one station and concentrations above 150 ppb at six other stations (Table 2) . Eight-hour concentrations peaked at 139 ppb and all but one exceeded the World Health Organization guideline (Table 3) . Surface CO concentrations also increased on 13 March 2016, exceeding 3 ppm at several stations (Figure 2b ), although CO concentrations at other stations remained low (less than 1 ppm) throughout the event. Despite returning to low baseline O 3 concentrations (<5 ppb) during the night hours due to NO x titration (not shown), O 3 conditions continued to deteriorate on 14 March 2016, reaching a peak of 210 ppb at one station, exceeding 150 ppb at eight others, and exceeding the Mexican hourly and 8-hr standards at 22 of the 23 reporting stations across the metropolitan region (Tables 2 and 3 ). The outlier station, Xalostoc (XAL), is located in the northeast in one of the most polluted regions of the metropolitan region, characterized by high levels of primary pollutants that are carried by the dominant winds toward the south-southwest of Mexico City. The strong emission of fresh nitrogen oxides near XAL contributes to the rapid depletion of ozone by titration. Concentrations continued at elevated levels for the next three days, with afternoon measurements not returning below the Mexican hourly standard until 18 March 2016 Table 1 . 5-6, 12-13, 19-20, and 26-27 March are weekend days.
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Journal of Geophysical Research: Atmospheres (Tables 2 and 3 ). Concentrations of CO also remained high throughout the O 3 event, returning to less than 2 ppm on 19 March 2016 (Figure 2b ).
Evolution of the Upper Tropospheric Trough
At 1200 UTC on 03 March 2016, seven days before the lowest 200-hPa height in central Mexico and nine days before the onset of dangerous surface O 3 conditions, upper tropospheric flow across the subtropical Pacific from 20°to 40°N exhibited a slightly wavy pattern, with a ridge axis along 180°E, a trough axis along 145°W, another ridge axis along 120°W, and a positively tilted trough axis across central Mexico (Figure 3a) . Zonal EKE at 1200 UTC 03 March 2016 was at the lowest value (near 250 m 2 /s 2 ) of the first 10 days of March ( Figure 4a ) and was very close to the long-term mean (a standard anomaly of only +0.3; Figure 4b ). However, from 04 to 05 March, 200-hPa flow over the subtropical Pacific strengthened considerably (Figures 3b and 3c) , and by 1200 UTC 05 March 2016, a distinct wind maximum was evident north of Hawaii along 35°N (Figure 3c ). This jet maximum was associated with nearly zonal flow, reflected in strongly positive zonal EKE (over 450 m 2 /s 2 ) in the same region (Figure 4a ).
By 1200 UTC 06 March 2016, troughing was evident around 170°E, but the jet, and its associated zonal EKE maximum, stretched across a broad region of the subtropical Pacific, from the base of the trough at 170°E eastward to 120°W and from 25°to 40°N (Figure 3d ). On this date, the mean zonal EKE over the jet region reached near 600 m 2 /s 2 , which was more than 4 standard deviations above normal (Figure 4 ). Daily mean (Figures 5a and 5c ). This type of long, highly zonal jet tends to be baroclinically unstable due to its long wavelength (Kundu et al., 2012) . Indeed, at 1200 UTC 06 March 2016 ( Figure 3d ) the jet approached the wavelength of maximum baroclinic growth (5,500 km) identified by Holton (2004) .
The result of this baroclinic instability can be seen by 1200 UTC 07 March 2016, in the development of a prominent ridge along 150°W (Figure 3e ). By 1200 UTC 08 March 2016, the ridge axis extended from 20°N, 150°W to 45°N, 130°W and began to undergo anticyclonic wave breaking between 35°and 45°N (similar to that observed in Ryoo et al., 2013 ; Figure 3f ). That wave breaking led to the development of a deep trough between 15 and 25°N. This trough was marked by strongly negative height anomalies (approaching −250 m) over northwest Mexico and the adjacent southwest United States (110°W; Figure 3f ). By 1200 UTC 09 March 2016, this trough had moved southeast, over west-central Mexico, with 200-hPa height anomalies approaching −300 m at some grid points (Figure 3g ). At 1200 UTC 10 March 2016, the mean 6-hr, 200-hPa height anomaly near Mexico City reached −220 m (Figures 3h and 6a ), a value that was more than 4 standard deviations below normal for March (over the period 1948-2017; Figure 6b ). Indeed, the daily 200-hPa height anomaly also exceeded −200 m (Figure 7a ), which is the lowest daily anomaly in March in this region in the NCEP/NCAR reanalysis (Figures 7b and 7c) . From 11 through 18 March 2016, the trough slowly moved eastward and filled (not shown), and zonal EKE of the Pacific jet weakened to near 100 m 2 /s 2 ( Figure 4a ) and standard anomalies weakened to within ±0.5 (Figure 4b ), indicating a return to a more normal flow pattern.
Tropopause Fold and STE (10-12 March 2016)
A time-height series of O 3 (Figures 8a and 8b ) and PV (Figures 8c and 8d ) in the atmospheric column over Mexico City shows the impact of this very deep trough on the middle and upper troposphere. On 03-05 March 2016, there appears to have been weak STE, with a stratospheric intrusion down to nearly 250 hPa (traced out by the 2-PVU contour extending from the stratosphere, which is a widely used marker for the dynamical tropopause; Holton et al., 1995; Figures 8c and 8d) . This STE was likely associated with a weak trough (200-hPa height anomalies of −50 m; see Figures 3a and 3b ) that crossed south-central Mexico the first five days of March. However, the strongest PVU anomalies in the troposphere appeared on 10 March 2016 (Figures 8c and 8d) . By 11 March 2016, the 4-PVU contour extends all the way down to 300 hPa, the 2-PVU contour extends to 350 hPa, and the 0.5-PVU contour extends past 550 hPa (Figures 8c and 8d ). This PV intrusion began as the strong upper level trough reached its peak intensity over central Mexico (Figure 3h ). The STE persisted in central Mexico for approximately 48 hr, marked by high values of PVU below 200 hPa (Figures 8c and 8d) . It is clear from the multiple continuous PV contours (2 PVU in both ERA-Interim and MERRA-2, and 4 PVU in MERRA-2) connecting the troposphere with the stratosphere, Figure 8c ) and ERAInterim (Figure 8d) ), thus offering additional strong evidence of the STE. These stratospheric-origin O 3 molecules were likely entrained into the deeply mixed boundary layer of 11 March 2016, evidenced by the dry adiabatic lapse rates extending from the surface to 530 hPa on the 0000 UTC 12 March 2016 sounding from Mexico City (Figure 9a ).
These high O 3 concentrations in the lower and middle troposphere, when combined with a deeply mixed boundary layer on 11 March 2016, likely contributed to the onset of the high O 3 event on 12 March 2016. Furthermore, some of the O 3 likely remained in the residual nocturnal ABL (e.g., Couach et al., 2003; Pérez-Vidal & Raga, 1998; Raga et al., 1999) , and mixed down to the surface in subsequent days. However, by 0000 UTC 13 March 2016, most of the stratospheric O 3 was no longer directly over Mexico 
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City (Figures 8a and 8b ). The extreme O 3 event at the surface peaked on 15 March 2016, nearly 72 hr after peak STE, suggesting that another physical mechanism likely also contributed to the surface O 3 event.
High Surface O 3 Event (13-16 March 2016)
Surface O 3 in Mexico City is often the result of a combination of factors: abundant O 3 precursors, strong UV radiation, generally weak horizontal winds, and poor ventilation. Between 2011, when the city government's air quality contingency plan was updated, and March 2016, ambient O 3 concentrations in Mexico City did not reach levels that would trigger (greater than 184 ppb) government-established actions to limit further emissions of O 3 precursors (SEDEMA, 2017) . It is also important to note that in July 2015, the environmental authorities removed the operating restriction on private vehicles older than eight years, allowing them to operate every day of the week as long as the vehicle met certain emission limits. This action increased vehicular traffic by 20% in a six-month period and also increased the emission of O 3 precursors associated with vehicular exhaust emissions (Velasco & Retama, 2017) .
Due to subsidence associated with the departure of the extreme cutoff low, the deep adiabatic boundary layer observed on 12 March (Figure 9a ) was followed on subsequent days by the development of a strong capping inversion and the presence of very weak winds in the lower troposphere (Figures 9 and 10 ). On 13, 14, and 15 March 2016, a 2-3°C thermal inversion near 600-650 hPa was sampled by the 1200 UTC radiosondes (Figures 9b-9d ). This inversion was located only about 1,500-2,000 m above ground level, and given that maximum 2-m air temperatures only reached between 25 and 28°C (not shown), the inversion acted to limit the growth of the ABL to no more than about 2,000 m above ground level. This ABL depth is about 1,000 m smaller than the March climatology reported by García-Franco et al. (2018) . The thermal inversion also prevented the development of deep convective clouds and precipitation, allowing strong UV-B radiation to continue through the afternoon hours. Indeed, from 9 to 16 March 2016, the average daily UV-B radiation measured at Merced station (2,160 m above ground level) approached or exceeded 2 MED/hr ( Figure 11a) ; for Merced, UV-B values over 2 MED/hr are rare for any month of the year (Figure 11b ) and indicate strong UV radiation. Nearby stations (SAG and TLA) recorded average daily UV-B of more than 1.75 MED/hr. Finally, as the upper level trough departed to the east, neutral heights and a weak flow regime developed, with wind speeds less than 3 m/s observed from the surface (770 hPa) to the inversion (650- Figure 10a ), which likely aided in recirculating O 3 and precursor species from the previous day back into the boundary layer the next day (Pérez-Vidal & Raga, 1998; Velasco et al., 2008) , thus promoting an increase in O 3 concentrations each day during the multiday event.
Concentrations of CO dropped on 9-10 March (Wednesday-Thursday; Figure 2b ) due to strong southerly surface flow (Figure 10a ) and upward vertical velocity (Figure 10c ) coupled to the passage of the upper level trough (Figures 3g and 3h ). This flow enhanced ventilation and the typical rush hour peaks were absent (not shown). Weak winds (less than 2 m/s) on the early morning of Friday 11 March drove a CO increase during the following morning rush hour (not shown), but strong winds between 0800 and 1900 (local time) dispersed the pollutants rapidly. With the departure of the trough, CO concentration increased, and the typical diurnal CO variability returned with a clear peak in the morning and somewhat lower peak in the late afternoon (not shown). Daily CO average concentrations increased progressively from Friday 11 to Monday 14 March, passing from 0.50 to 0.89 ppm (Figure 2b ). High concentrations of CO on Sunday are unusual because of the significant vehicular traffic reduction. Nocturnal CO concentrations (2200-0400 local time) also increased in the same period, reaching a value of 0.89 ppm on Sunday 13 March (not shown), suggesting a recirculation of pollutants, particularly of O 3 precursors associated with vehicular emissions (JaimesPalomera et al., 2016). According to the local emission inventory (SEDEMA, 2018), 85% and 17% of NO x and VOC emissions, respectively, have their origin in vehicular traffic, while 4% and 8% of NO x and VOC emissions come from point sources (such as industries). A significant reduction of NO x emissions in a VOC-sensitive regime could have influenced the O 3 formation, similar to the effect described by Stephens et al. (2008) . Small incremental reductions in NO x emissions have proved in other studies to be ineffective, and possibly detrimental, by enhancing the O 3 production (Lei et al., 2008; Song et al., 2010) . The additional vehicular restrictions in this case seemed to be largely ineffective, since the O 3 levels were still high on Tuesday 15 March 2016. In response, the authorities implemented even stricter vehicular restrictions on the next day (in effect Wednesday 16 March 2016).
The air quality annual report for 2016 prepared by the government (SEDEMA, 2017) provides further evidence of some of the unusual meteorological aspects of this event, in particular vertical profiles of the horizontal wind. The change from high surface wind conditions associated with the deep upper tropospheric trough to weak surface winds after the trough moved eastward is clearly seen in the 60-min observations (Figure 10 ), further supporting the evidence of poor ventilation as seen in the once-daily radiosondes (Figure 9 ). In summary, it is clear that several ingredients-meteorological, photochemical, and 
Conclusions and Discussion
This study analyzed the physical mechanisms behind the unusual and hazardous surface O 3 event of March 2016 in Mexico City. From 03 to 07 March 2016, zonal EKE increased to highly unusual levels as a very strong, zonally oriented jet extended across much of the subtropical Pacific. That zonal jet quickly evolved into waves due to its baroclinic instability, and Rossby wave breaking of a pronounced ridge along 150°W led to the development of a very deep cutoff upper level low. The cutoff low crossed central Mexico with 200-hPa heights at levels not seen in the 70-year reanalysis record. Meanwhile, strong downward motions on the western side of the cutoff low led to significant STE, with 2-PVU air extending down to nearly 400 hPa in the air column above Mexico City (a level only about 5,000 m above ground level 
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To explain this multiday O 3 event, the following physical pathway is proposed.
1. First, the subtropical Pacific jet strengthened and lengthened. The zonal jet extension occurred possibly due to the mechanism proposed by Berry (2007, 2009 ): a very active Madden-Julian Oscillation event traversed the Maritime Continent and Western Pacific in February 2016 (leading to a strengthening of the subtropical jet in early March), which then transitioned into the Western Hemisphere and Indian Ocean the first week of March 2016 (leading to an increase in jet waviness after 07 March 2016). This physical mechanism is supported by Barrett and Raga (2016) , who noted that high surface O 3 concentrations in Mexico City tend to be favored on days when the Real-time Multivariate Madden-Julian Oscillation (Wheeler & Hendon, 2004) index is in phases 2 and 3, which it was from 09 to 13 March 2016. 2. Second, the subtropical jet became baroclinically unstable and wavy. 3. Third, one of those waves, a pronounced anticyclonic ridge along 150°W, underwent anticyclonic wave breaking between 35 and 45°N. 4. Fourth, that wave breaking led to the development of an anomalously deep and equatorward cutoff low between 15 and 25°N. 5. Fifth, the deep low brought O 3 -rich stratospheric air well into the troposphere via a pronounced STE event seen in vertical profiles of both PV and O 3 concentration in the air column above Mexico City. This O 3 -rich air remained in the air column on 11 and 12 March 2016, likely mixing to the surface on those days and re-entraining into the ABL due to basin-wide mesoscale circulations on 13 March 2016. 6. Sixth, subsidence behind the low both suppressed the development of convective clouds and led to the formation of strong thermal inversions near 650 hPa. Both of those factors contributed to strong UV-B radiation reaching the surface from 13 to 15 March 2016. 7. Seventh, and finally, weak height gradients behind the departing low led to poor ventilation of the Mexico City metropolitan region, with stronger synoptic-scale flow confined to the region above the thermal inversions.
Combined with these meteorological conditions, government actions may have also contributed to the persistent high O 3 ambient concentrations between 13 and 16 March. For example, the well-known springtime "weekend effect" in Mexico City occurred on Sunday 13 March, whereby even though fewer vehicles were in circulation (because it was a Sunday), O 3 concentrations were not necessarily reduced. The vehicular restrictions implemented as a mitigation action by authorities on Monday afternoon 14 March may have contributed to extend this effect, reducing O 3 destruction during the night, therefore allowing O 3 concentrations to reach even higher levels on 15 March, as a consequence of starting from higher-than usual earlymorning levels.
The results of this study highlight the need to consider meteorological factors when analyzing events with high surface O 3 concentrations. This study also shows the importance of both stratospheric and tropospheric processes to the generation of surface O 3 in Mexico City. Government policymakers are encouraged to consider both potential STE events and upper troposphere features that portend subsidence, poor ventilation, and the development of thermal inversions, as all of these may lead to hazardous surface O 3 concentrations in the metropolitan area. The large waviness experienced by the jet stream and the cutoff low and STE event associated with the beginning of the high surface O 3 event in March 2016 was extremely unusual, not seen before in the available reanalysis data set that dates back 70 years to 1948. Many studies have warned that extreme events in various meteorological parameters are projected to become more frequent in the changing climate. However, few studies have explored the frequency of cutoff lows and STE events at the latitude of Mexico City. More research is needed to determine their potential role in high surface O 3 events at tropical latitudes in the future. This study provides additional evidence on the complexity of the air quality management in the Mexico City megalopolis. The possible influence of synoptic meteorology is usually not considered during the design or evaluation of the environmental management plans. In light of our results, the use of modeling studies to evaluate the relative role of stratospheric ozone and the synoptic-scale phenomena on local air quality is necessary. Similarly, modeling studies would be a useful tool to evaluate in advance the impacts that some mitigation actions being considered for implementation could have on the air quality of the megalopolis.
